Intramolecular resonance-assisted hydrogen bonds (RAHBs) are stronger than conventional hydrogen bonds (HBs) thanks to the extra stabilization connected with the partial delocalization of the -electrons within the HB motif containing conjugated formally single and double bonds. When these conjugated bonds are part of an aromatic ring, there is an interplay between resonance-assisted hydrogen bonding and the aromaticity of the ring. The main aim of the present work is to analyze the changes in RAHB strength by substitution in the aromatic ring. For this purpose, we use density functional theory methods to study all possible mono-and di-substitutions in the four free positions of the aromatic ring in o-hydroxybenzaldehyde. As substituents, we consider three -electron donating groups (EDG: NH2, OH, and F) and three -electron withdrawing groups (EWG: NO2, NO, and CN). We show that it is possible to tune the HB bond distance in the RAHB by locating different substituents in given positions of the aromatic ring. Indeed, certain combinations of EDG and EWD result in a reduction or increase of the HB distance by up to 0.05 Å. Results found can be explained by considering the existence of a resonance effect of the -electrons within the HB motif.
Introduction
Hydrogen bonds (HBs) are one of the most studied weak inter-or intramolecular interactions. HBs play an important role in many chemical and biological processes. For instance, HBs determine the crystal structure as well as stabilization of second-order structure of proteins. [1] [2] [3] Resonance-assisted hydrogen bonds (RAHB) were introduced by Gilli et al. in 1989 4 as a particular case of H-bonding strengthened by a conjugated -system forming a 6-, 8-, or 10-membered ring. 5 According to Gilli and coworkers, RAHBs are stronger than conventional hydrogen bonds (HBs) because of the extra stabilization gained due to the partial delocalization of the -electrons within the HB motif containing conjugated formally single and double bonds. Figure 1 depicts the RAHB in malonaldehyde. The six-membered ring formed by the conjugated formally single and double bonds and the HB is known as the quasi-ring moiety. 6 Characteristic elongation of formally double bond and shortening of formally single bonds in the quasi-ring together with a strengthening of HB are fingerprints of RAHBs. [7] [8] [9] [10] [11] The stabilization energy released upon RAHB formation was shown to exhibit good correlation with the electron delocalization indices between the hydrogen and proton-acceptor atoms in H-bridge. 12 Thus, the electron delocalization induced when a quasi-ring is built is closely related to the strength of this HB. by Houjou et al. 14 for -fused salicylaldehydes. For this kind of systems, one can separate the-resonance effect in three different individual effects, 13 namely, (a) the delocalization within the quasi-ring, identified by Gilli et al. 4 and already present in malonaldehyde, (b) the effect of the -electron delocalized within the benzene ring, and (c) the substituent effect of hydroxyl group (electron-donating group) and carbonyl (electron-withdrawing) that favours the canonical structure with charge separation (structure II in Figure 2 ). Compared to malonaldehyde, with C=C localized double bond, effects (a) and (c) cooperate with each other, so reinforcing the HB, while (b) goes against HB formation. The interplay between intramolecular RAHB and aromaticity (effect (b)) was demonstrated in o-hydroxyarylaldehydes as well as in 1,3-dihydroxyaryl-2-aldehydes by some of us. 12, 13 We found that both systems present a stabilization of the RAHB depending on the degree of localization of electrons at the C1=C2 bond shared between both rings, which is related to aromaticity of the benzene ring. From previous works by Krygowski and co-workers on the effect of the substituent in hydrogen bonding and aromaticity, [15] [16] [17] [18] one can postulate that substituted o- 
Computational methods
All molecules considered in this study were optimized at the nonlocal threeparameter hybrid B3LYP level of theory 26, 27 using the 6-311++G(d,p) basis set.
Vibrational analyses of optimized structures showed that, in general, the structures are minima in the potential energy surface. Some of them exhibit imaginary frequencies due to the planarity imposed to the systems (see Tables S1 and S2 of the supporting information). All calculations were carried out with the Gaussian 09 package. 28 Electron delocalization indices (DIs) 29 
In the particular case of a single-determinant closed-shell wavefunction, the DI can be expressed solely in terms of the elements of the atomic overlap matrices S(A)
in the molecular orbital basis according to: (2) where the summation runs over all doubly-occupied molecular orbitals. In this work, the atomic partition is defined from the condition of zero-flux gradient in the one-electron density following the Quantum Theory of Atoms in Molecules (QTAIM). 34 Based on the finding of Fulton 35 and Bader 36 who showed that benzene has larger DIs in para-related atoms than in meta-related ones, the PDI index 37, 38 uses the DIs of para-related atoms as a measure of aromaticity for six-membered rings:
For PDI, the larger the index, the greater the aromaticity of the ring. Obviously, this index can only be applied to six-membered rings. We use it to discuss the aromaticity of both the benzene ring (PDI) and the quasi-ring (PDIQ).
It was demonstrated 15 for simple derivatives of benzene that PDI gives qualitatively the same results as other electronic indices 39, 40 as well as indices like the HOMA structural index 41 or the NICS magnetic index. 42 For this reason, in our studies we are using exclusively the PDI index.
Results and discussion
This 
A. Monosubstituted o-hydroxybenzaldehyde compounds
In the present work, we have dealt with three different -electron donating groups (EDG) and three -electron withdrawing groups (EWG). The groups chosen in this paper present a R Hammet constant (resonance effect parameter, R, collected in Table 1 ) characteristic of their electronic character: negative for -electrondonating groups (F, OH, and NH2) and positive for -electron-withdrawing ones (NO, NO2, and CN). 19 Throughout this work, we name our compounds with the Table 2 collects the relative energies with respect to species 1,2,3-X (X = EDG or EWG) isomers, the HB distances and the PDIs for the benzene ring (PDI). It also lists Ediff, which is the energy difference between open and closed conformers (see Figure 3) . Positive values means that the closed conformation is more stable then the open one. As it was pointed out before, three different effects influence the formation of the RAHB. The first one, the electron delocalization within the quasiring, will be equal for all systems, as the quasi-ring presents the same proton donor and acceptor in all cases. The second effect is due to electron delocalization within the benzene ring that is, in general, acting against the formation of RAHB, i.e., the higher the electron delocalization, the less available the -electrons shared between the two rings are and, consequently, the weaker the RAHB. The third effect, the substituent resonance effect can act in favor or against the RAHB, depending on the position of the substituent. As said before, the proton donor (OH) and acceptor (HCO) groups forming the quasi-ring cooperate strengthening the RAHB, as they are in ortho position to each other. 43 First, we analyze the relative stability of the different substituted ohydroxybenzaldehydes. Results in Table 2 show that 1,2,4-EDG and 1,2,5-EWG are the most stable systems. At the same time, these compounds are the less aromatic, with a lower PDI for the benzene ring as well as for the quasi-ring (see Table S1 for the latter). It is worth mentioning that there is no correlation between the distance of the RAHB and the relative energy of the isomer, the most stable conformer does not have the shortest HB. As it was expected, all substituted compounds present a decrease of the PDI for the benzene ring with respect to non-substituted one, whereas the HB distance can be larger or shorter.
Previous studies of RAHB in aromatic species showed that the strength of the Hbonding is linearly related to the local aromaticity of the benzene ring, i.e., the lower the aromaticity, the stronger the RAHB. 13 Thus, taking into account the PDI values of the benzene ring in 1,2,N-X species, one should anticipate that all HB should be stronger, that is with shorter HB distance. As this is not always the case, one can conclude that, for some species, resonance effects of substituents are more important than the loss of local aromaticity of the benzene ring. As it was explained before, EDGs bring more electron density especially at ortho and para positions, whereas EWGs reduce it at these positions. To increase the RAHB strength, the C1 carbon atom (substituted by HCO group) needs to accumulate electron density by carrying formal negative charge which can be transferred onto the attached HCO group, enhancing in that way its proton acceptor character. Simultaneously the C2 carbon atom (substituted by OH) increase the proton donating ability when carrying formal positive charge. As both substituents forming the RAHB (HCO and OH) are in ortho position to each other, thus being favorably conjugated in the sense of the -electron resonance, these Let us start by analyzing the EWGs, which decrease the electron density throughout the benzene ring, being more noticeable at ortho and para positions.
According to the numbering scheme of Figure 2 , substituents in positions 3 and 5
are in ortho and para positions with respect to the OH group. Consequently, we expect an increase in its proton donor character, so strengthening and shortening the HB distance. As can be seen in Table 2 EWG systems should present larger HB lengths due to an electron density reduction in C1 (see Figure S1 in the SI). This is exactly what happens for 1,2,4-EWG compounds (red points in Figure 4 ). On the other hand, 1,2,6-EWG (green points) compounds do not follow the expected trend. We will come back to this exception later on. compounds present some irregular behavior, as they are expected to be deactivating the RAHB but, for X = NH2, the HB distance is shortened, whereas for X = F and OH the HB distance remains more or less unchanged. compound is about 120.5º, while in 1,2,6-NO2 decreases to 117.3º (see Table S1 ).
This fact confirms that steric effects are playing an important role in 1,2,6-X systems that are the compounds that present the shortest HB distances. All geometrical parameters (angles of the quasi-ring) for all studied systems can be found in the Tables S1 and S2 of the ESI. For EWG substituents in ortho position with respect to CHO, hydrogen bond distance is reduced, but because of steric effect and not by resonance since there is no resonance structure reinforcing the RAHB.
For 1,2,3-NH2 species, as the substituent is in ortho position with respect to OH one could expect a similar conclusion, i.e., shorter RAHB because of the repulsive effect between NH2 and OH groups. But examining the O-C2-C1 angle, we find that this angle is larger in 1,2,3-NH2 than in the non-substituted ohydroxybenzaldehyde. Therefore, steric effects seem not to be responsible for the shortening of the RAHB. In this particular case, a H-bond between one of the H atoms of the NH2 substituent and the O atom of the OH group is formed. Formation of this HB, results in some charge transfer from the OH group to the NH2 substituent and, consequently, a reinforcement of the RAHB. This situation is not different from other observed cases of hydrogen-bonding cooperativity. 44, 45 Going back to the three different effects discussed above, not only the substituent effect plays a role, but also the aromaticity of the benzene ring. A decrease of the PDI, that is, -electrons being more localized, can shorten or enlarge the HB distance. It depends whether -electron density is more localized in the C1-C2 bond or in the C1-C6 bond. Localization in the C1-C2 bond strengthens the RAHB. This is not generally the main effect and it is masked by the substituent activation of proton donor and acceptor character of HCO and OH. As reported by Krygowski et al., 15 we also find that NH2 and NO are the substituents that bring a largest decrease in the aromaticity of the benzene ring (see Table 1 ). Indeed, Table S1 ). For 1,2,3-NH2 and 1,2,6 -NO species, the decrease of aromaticity of the benzene ring strengthens the RAHB by localizing -electron density in the C1-C2 bond, whereas the substituent effect weakens it. The result of these two counteracting effects is a stronger RAHB as compared to the unsubstituted reference.
It is worth noting that, according to DIs, activation groups like 1,2,3-EWG, 1,2,4-EDG, 1,2,5-EWG, and 1,2,6-EDG reduce the -electron density in the C1-C2 bond as compared to the reference system, whereas the opposite is true for the deactivating groups. It is likely that the reduction of the -electron density in the C1-C2 bond by activating groups is in part due to the involvement of the C1-C2 -electron density in the strengthening of the RAHB. 
B. Disubstituted o-hydroxybenzaldehydes
Once we got a picture of the effect that the different substituents have on the RAHB of monosubstituted o-hydroxybenzaldehydes, it will be interesting to take a look at the possible cooperativity between two substituents in disubstituted ohydroxybenzaldehydes. So, we combined one EWG and one EDG with the same activating or deactivating character, based on the conclusions we found for monosubstituted compounds. These compounds are named by adding the second substituent with the number of its position in the benzene ring ( Figure 2 ) (eg. 1,2,3-NH2-6-NO2 is the 3-amino-2-hydroxy-6-nitrobenzaldehyde with NH2 in ortho position with respect OH and NO2 in ortho position with respect HCO). Four different combinations were taken into account: the addition of activating groups
1,2,3-EWG-6-EDG and 1,2,4-EDG-5-EWG and the deactivating ones 1,2,3-EDG-

6-EWG and 1,2,4-EWG-5-EDG.
Comparing the stability between the four sets of compounds, the trend is the same found for monosubstituted species, the 1,2,4-EDG-5-EWG compounds being the most stable and having the largest Ediff values with exception of the 1,2,3-NH2-6-X species that have the already mentioned H···H
repulsion in the open conformation (see Table 3 and Figure 8b ). These disubstituted systems also are the less aromatic ones, presenting lower PDI for both the benzene ring and the quasi-ring (see Table S2 ). There is also no direct relation between HB distances and HB strength measured by Ediff values.
As it was demonstrated above, 1,2,3-X and 1,2,6-X present two or more effects that do not necessarily work in the same direction. On the other side, 1,2,4-X and 1,2,5-X were following a clear pattern, related to the activating or deactivating character of substituent, so we will focus the next discussion in 1,2,4-X-5-Y systems. All data related to the rest of disubstituted systems are collected in Table   3 (together with Table S2 and Figure S3 in the supporting information). Figure 7 represents the PDI of the benzene ring in front of HB distance for 1,2,4-EWG-5- Figure S3 of the supporting information. Going a little further, it would be interesting to find out if there is some cooperativity or additivity between the two substituent effects with respect to the resonance assistance of the HB. In Table S2 
EDG (points) and 1,2,4-EDG-5-EWG (crosses). The same representation including the 1,2,3-X-6-Y compounds is found in
. This is not totally unexpected as whereas the NH2 substituent in C4 increases the -electron density (mainly in C1 but also in C2), the NO2 group in C5 removes it (mainly in C2 but also in C1). The combined effects of the two substituents counteract and, as a result, the two substituents together cannot move the same electron density as the sum of the two separate substituents and, consequently, the effect is not additive.
C. Resonance assistance in the hydrogen bond formation.
From the three different effects that are found in the RAHB of substituted ohydroxybenzaldehyde, i.e, resonance within the quasi-ring, aromaticity of the main ring, and substituent effect, we have shown that the two latter rule the changes in the RAHB strength when going from o-hydroxybenzaldenyde to its mono and disubstituted derivatives, cooperating or competing to each other. At this point we would like to answer the question: how the changes in the electron delocalization within the benzene ring affect the HB strength?
We will proceed by first analyzing the energy associated to the intramolecular RAHB. This energy can be evaluated in an approximated way as the difference between the open and the closed conformers of a given system. These energies (Ediff) are collected in Table 2 for monosubstituted compounds and in Table 3 As we have already mentioned, the resonance proceeding within the quasi-ring compete with the effect of the -electron delocalization within the substituted benzene ring. In a previous study, 12 it was found a linear relation between the change of the aromaticity of the main ring with respect to the quasi-aromaticity of the quasi-ring. In our study this relation is not fulfilled, as the third effect (substituent effect) now plays also an important role. The different substituents at different positions add another variable that has to be taken into account. Nevertheless, the change in the aromaticity in the main ring (loss when going from open to closed) 
